In the period between July 2013 and August 2015, continuous measurements of turbulent 9 methane exchange between an urbanised area and the atmosphere were carried out in Łódź. Atmos. Chem. Phys. Discuss.,
published results of measurements of methane fluxes in urbanised areas indicate their positive 23 values, i.e. the emissions of methane into the atmosphere. In Germany, based on various kinds 24 of indirect methods, the existence of a flux of methane into the atmosphere was demonstrated, 25 comparable to those observed in wetlands. The leakage of gas from the natural gas system is 26 suggested as the main reason for the existence of the flux (Shorter et al., 1996) . Morizumi 27 (1996) , in turn, suggested the occurrence of covariability of Rn-222 radon and the methane 28 flux concentrations, which, based on this, were estimated to be 20 mg·m mast at a height of z = 37 m (Fig. 2, left) , which, given the average height of buildings of 11 1 m, enables the assumption that the measurements are taken above the blending height in the 2 inertial sub-layer (Fig. 2) . Based on the data obtained during the study period, the source area 3 of turbulent fluxes was estimated (Fig. 1) . To this end, Schmid's method (Schmid, 1994) was 4 used, and all available data were used for the analysis. The analysis was performed for 5 unstable stratification conditions ((z -z d )/L < -0.05) at the noon hours (from 10 a.m. to 2 6 p.m.). The significant height at which the measurement sensors were installed resulted in a 7 large area of the source fluxes, which, depending on the wind direction, ranged from 250 to 8 750 m away from the measurement station during the study period (Fig. 1) . The investigated 9 sector of the city centre is a dense network of street canyons made available for motor traffic, 10
i.e. one of the most important sources of greenhouse gases to the troposphere. The 11 combustion of fossil fuels in vehicle engines produces water vapour, carbon dioxide and 12 methane (when combustion is incomplete), which may also come from another source, i.e. 13 leakage from vehicle natural gas tanks. Moreover, the measurement point is surrounded by a 14 dense natural gas pipeline distribution network whose leaks lead to methane emissions into 15 the troposphere (Fig. 1, bottom left) . The dense sewerage system is another source of methane 16 (Fig. 2, bottom, right) . 17 18
Instrumentation and data processing 19
The measurements of the turbulent fluxes of methane were carried out using a standard 20 measurement kit. Its main unit was an ultrasonic anemometer RM Young model 81000 21 analyser (Li-cor, Lincoln, Nebraska, USA). The fluctuations of air temperature necessary for 28 the calculation of sensible heat flux were measured using the aforementioned ultrasonic 29
anemometer RM Young. The whole measurement system was attached ca 1 m below the top 30 of the mast (Fig. 2, middle) . On the horizontal arm, on the south-eastern side of the mast at a 31 distance of about 60 cm from the mast, the LI 7500 head was placed, and the ultrasonic 32 anemometer was then installed at a distance of 20 cm. The LI 7700 methane sensor was 1 installed on an additional arm, slightly lower, so that the centre of its measurement path, 2 which is about 4 times longer than the paths of LI 7500 and ultrasonic anemometer, was at a 3 similar level. As follows from earlier analyses, the influence of the mast whose diameter is 4 about 0.15 m is negligible and does not generate a flow distortion (for details, see Fortuniak et 5 al., 2013). All of the aforementioned sensors measured the fluctuations of parameters with a 6 frequency of 10 Hz. Immediately before starting the measurements in July 2013, the sensor 7 for measuring H 2 O and CO 2 fluctuations was calibrated (the zero and span values were set). 8
The methane concentration analyser was installed directly after purchase, so the zero and span 9 had been set by the manufacturer. The two sensors and the ultrasonic anemometer were 10 cleaned approximately once a month, with the methane sensor needing it in the first place, as 11 its mirrors proved to be highly susceptible to grime (air impurities, bird droppings, 12 atmospheric deposits, drying raindrops or melting snowflakes). Although the manufacturer 13 had equipped the instrument with a mirror heating and condensation anti-freezing system as 14 well as a cleaning system which, by means of a pump, applied the cleaning liquid to the lower 15 mirror; in practice, however, especially in autumn and winter, this turned out to be 16 insufficient. There were situations, for example on days with humidity of up to 100%, when 17 the signal strength dropped by several tens of percent in just a few hours. According to the 18 manufacturer of the instrument, if the signal strength (RSSI -Relative Signal Strength 19 Indicator) is less than 10%, this means that the measurement path was blocked by external 20 factors. During the measurements, however, it was decided to tighten this criterion, and in 21 order to calculate the fluxes, the methane fluctuation values observed at RSSI >20% were 22 chosen. The signal strength of the instrument when measuring the concentration of methane 23 only in about 8% of cases exceeded 70% (Fig. 2, right) , while observations at 24 20%<RSSI<70% had a much greater share, and most often, in 20% of cases, the signal 25 strength value was between 30% and 40% (Fig. 2, right) . 
The w' and ρCH4' parameters are, respectively, the fluctuations of vertical wind velocity and 7 the concentration of methane in the air, while w and its intake by the urban surface. In the calculations, block averaging was used, with 1 hour 10 being used as an averaging period. Since the measurements were carried out at a considerable 11 height, a shorter averaging period could lead to underestimating the fluxes (Pawlak et al., 12 2011). During the calculations, all necessary procedures and corrections were applied. Any 13 data with non-real values were rejected, the spike detection procedure was performedmaximizing the covariability in the interval +/-2 s. Furthermore, sonic temperature was 17 corrected for humidity in the air (Schotanus et al., 1983 ) and the WPL correction was added 18 (Webb et al., 1980) . According to LI 7700 manufacturer's recommendations, the correction 19 terms related to air density fluctuations affecting both the spectroscopic response and the 20 mass density retrieval were applied (LI 7700 instruction manual). A detailed control of the 21 quality of the calculated fluxes was also carried out, which focused primarily on the 22 assessment of data stationarity. The most commonly used Foken's test (Foken and Wichura, 23 1996) is not always fit for the purpose, and therefore two other tests were used, as proposed 24
by Mahrt (1998) evaluation of the data reduced the number of data suitable for further analysis by 23.8%, but 1 on the other hand, uncertainty regarding their quality was kept to a minimum. Earlier, about 2 10% of the data were not registered due to problems with electricity and the computer in 3 autumn 2013, and 29.8% of the recorded data were rejected because the measurements had 4 been taken in weather conditions which made it impossible for the LI 7700 sensor to measure 5 the concentration of methane properly (precipitation and atmospheric deposits, saturation of 6 air with water vapour, impurities, etc.). This problem used to occur particularly in autumn and 7 winter ( Table. 1) when frequently cleaning the sensor placed on the mast was impossible. As 8 a result, the percentage of good data was 36.4% (Table. 1 Generally, it can be noted that during the measurement period, atmospheric instability or 28 neutrality conditions prevailed in the city centre. A stable air stratification could rarely be 29 observed in the centre of Łódź, only in 7.6% of cases (from 2.9% in winter to 10.4% in 30 summer). The frequency of neutral and unstable stratification was very similar and was,respectively, 46.0% and 46.4%. Instability prevailed in summer (51.6% of cases), while 1 neutrality was observed in 61.7% of cases in winter. In the diurnal cycle, stable stratification 2 was also a rarity. In the daytime (10.00 a.m. to 2.00 p.m.), this type of stratification was 3 observed in only 0.3% of cases on average throughout the year, while at night the condition 4 (Fig. 3) . 23
On average, the percentage of positive values over the study period was 93.7%, being slightly 24 greater in the cold season (94.6%) than in the warm season (93.2% of cases). This means that, 25 regardless of the season, the centre of Łódź is a source of methane to the atmosphere. In 26 addition, the time variability of FCH 4 shows a clear annual cycle with a maximum in the cold 27 season and a minimum in the warm season (Fig. 3) annual cycle of turbulent methane exchange should be attributed to the anthropogenic origin 1 of this gas in the centre of the city. In the cold season, there occurs an increase in methane 2 emissions associated with the combustion of fossil fuels, which results from the increased 3 discharge of motor vehicle exhaust gas, being a significant source of methane in the city. the periods of rapid drops in air temperature, e.g. in late October or late November and 10
December 2014 (Fig. 3) . A pronounced annual cycle can also be seen in the time variability of 11 the mean monthly values of FCH 4 (Fig. 3 , Table 2 ). The highest monthly averages of FCH 4 12 were recorded in January and February 2014, the average exchange exceeded 60 nmol·m -2 ·s -1 . 13
In the same months of 2015, the FCH 4 values were lower and slightly exceeded 50 nmol·m The median values in the warm half of the year were very similar to the average values. In the 17 cold season, the median was lower due to the sporadically occurring elevated levels of FCH 4 . 18
Regardless of the measurement, some differences in the time variability of methane flux in 19 transitional seasons can also be observed. In late winter and early spring, a rapid drop in FCH 4 20 by about 30 nmol·m -2 ·s -1 can be observed, while FCH 4 starts to increase at the end of summer 21 and slowly continues until winter. The cold half of the year is also characterised by a greater 22 variability of the turbulent exchange of methane (Table 3 ). In the summer months, the 23 standard deviation of FCH 4 did not exceed 20 nmol·m -2 ·s -1 , whereas during the winter months 24 it was more than twice greater. An exception is the aforementioned summer of 2013. 25 suggests that the average flux of methane can be divided into two components. One has an 7 approximately constant value of up to 26-28 nmol·m -2 ·s -1 , and its source may be the sewerage 8 system or the natural gas distribution system. Before noon and in the afternoon, additional 9 sources of methane (vehicle traffic, combustion of natural gas, leaks from gas network, 10 associated with the distribution increasing during the day) are activated, increasing the flux by 11 10-12 nmol·m -2 ·s -1 . Due to the lack of inventory data, the above considerations are only 12 hypothetical. In the following months, the average daily variability was not so clear. In the 13 warm half of the year (May-October), the average daily variability was low and from April to 14
September it ranged between 10 and 40 nmol·m -2 ·s -1 . In May, June and July, it was difficult 15 to see clear maxima during 24 hours. In August, September and October there was a 16 maximum in the morning. In the cold half of the year (November-April), the average daily 17 variability of FCH 4 was characterised by distinctly higher values, from 20 to 90 nmol·m -2 ·s -1 . 18
At that time, the double daily maximum was easier to identify, and in November, December, 19 January and February the afternoon peak seemed to be by a few nmol·m 
Monthly and annual exchange of FCH 4 1
Based on the average daily patterns of FCH 4 calculated for each month, the exchange of 2 methane in the successive months of the study period was determined (Fig. 5) FCH 4 , the monthly exchange in the successive months was determined and then the 1 accumulation was made (Fig. 6, solid step plots) . Secondly, the gaps were filled in a series of 2 1-hour values of FCH 4 in two ways. If a data gap was not longer than 3 hours, interpolation 3 was used, while for longer gaps, data were inserted from the average daily pattern in the 4 respective month for the respective hour. Both methods yielded very similar results (the 5 difference was ~1%), although it is obvious that the cumulative fluxes obtained in this manner 6 should be regarded as an approximation. Therefore, it can be stated that the annual exchange 7 of methane in the centre of Łódź in 2014 was equal to about 17.6 g·m -2 (Fig. 6 ). The graph 8
shows the impact of the annual variability of methane flux: the cumulative flux grows fastest 9 in the cold half of the year. Due to differences in the exchange of methane described in 10 section 3.4, from the point of view of changes in air temperature in the study period, the 11 cumulative exchange in the period January-August 2015 was calculated in a similar manner. 12
The relatively warmer beginning of 2015 caused the exchange to be less intense and the (Fig. 7) . Having taken only working days for the calculation (Monday to Friday), 21 it was found that the exchange was higher, i.e. it was 45.2 mg·m -2 ·day -1 . On the other hand, 22 the average daily exchange of methane during weekends (Saturday and Sunday) amounted to 23 42.3 mg·m -2 ·day -1 and was therefore lower by 4.5%. Thus, it can be concluded that, on 24 average, in the study period, anthropogenic sources of methane were less active at weekends 25 compared with working days. Similar results were observed in summer and winter, when the 26 average daily exchange on working days was higher by 1.6% (summer) and 1.9% (winter) 27 mg·m -2 ·day -1 when compared with the average for the whole week. The average daily 28 exchange at weekends was, in turn, lower by respectively 4.0% and 4.7%. An exception is the 29 transitional seasons when the average daily exchange of methane on working days was 30 comparable (spring, -0.3%) or slightly lower (autumn, -1.6%) than the average for the entire 31 week (Fig. 7) . On the other hand, the average daily exchange during the weekend turned out 32 The centre of Łódź is the most densely built-up area of the city. The measurement point is 7 located in an area of uniform similar building density parameters, while, as mentioned in 8 section 2.1, this density is slightly greater to the east and north of the station. An analysis of 9 the average value of FCH 4 depending on the wind direction confirms, at least in part, the 10 impact of building density on the value of methane turbulent exchange (Fig. 8) . The fluxes of 11 CH 4 recorded during airflow from the north, and especially from the south-east, were by far 12 the largest in the study period and reached 35-45 nmol·m -2 ·s -1 (Fig. 8, left) . However, it is 13 difficult to regard the relationship urban design-FCH 4 as certain, due to the increased values 14 of FCH 4 coming also from the south-western sector (approximately 40 nmol·m -2 ·s -1 ). Of 15 course, such a relationship cannot be ruled out; however, the local point sources of methanesector, the LPG station located approximately 800 m from the measurement station may be 18 such a source. The distribution of average values of FCH 4 depending on the wind direction, 19 calculated for the cold half of the year (Fig. 8, middle) , suggests that in this season of the year 20 the local anthropogenic methane sources were more intense. The relationship between FCH 4 21 and the wind direction was much the same throughout the study period, while the average 22 values of fluxes were higher and amounted to nmol·m -2 ·s -1 . Therefore, the sources could be, 23 e.g., clusters of houses with leaks from gas installations, or vehicles at nearby intersections, 24 which are heavily jammed in the cold half of the year. In summer, the average fluxes of CH 4 , 25 regardless of the wind direction, were significantly lower (less than 30 nmol·m -2 ·s -1 , Fig. 8,  26 right), and contrasts between the sectors were not too clear. An exception is the clearly visible 27 elevated value of FCH 4 , associated with the airflow from the south-western sector. 28 and FCH 4 were measured and therefore the question about the temporal covariability of both 8 fluxes should be asked, and, consequently, whether the exchange of methane can be estimated 9 based on the knowledge of the flux of CO 2 . To this end, the average daily variability (Fig. 9,  10 left) and the average monthly variability (Fig. 9, middle) not seem too large a quantity. However, it should be kept in mind that the greenhouse 3 potential of methane is much higher, which is one reason why the measurements of this gas 4 exchange should not be marginalised in favour of carbon dioxide. At the same time, it must be 5 noted that the centre of Łódź, in terms of intensity, is a source of methane comparable to 6 natural areas considered to be the most productive, i.e. wetlands. The annual exchange of 7 methane in Łódź was estimated to be 17. 
